Pasteurellosis, caused by Photobacterium damselae subsp. piscicida, is one of the most common and serious bacterial diseases affecting marine fish. The impact of this disease is increasing, with the pathogen causing great economic losses to a variety of cultured fish species.
The pathogen was first isolated in North America (Snieszko et al., 1964) , and since then it has been isolated from yellowtail, Seriola quinqueradiata, in Japan (Kubota et al., 1970) , gilthead sea bream, Sparus aurata (L) and sea bass, Dicentrarchus labrax (L), in Italy, Greece, Malta, France, Israel and Spain (Ceschia et al., 1991; Toranzo et al., 1991) .
Recently, fish cell lines have been used to explore the interaction between P. damselae subsp. piscicida and cells, and fish cell line models are currently used to examine the initial stages of bacterial infection (Magarinos et al., 1996; Yoshida et al., 1997; LopezDoriga et al., 2000) . It has been shown that bacterial glycoproteins may be important in the attachment of the bacterium to the host cell. When P. damselae subsp.
piscicida cells were treated with D-galactose or D-man nose, a decrease was observed in bacterial adherence to fish cell monolayers, while no effect was seen with L-fructose. Treatment of the bacteria with heat also decreased their attachment to the cells (Magarinos et al., 1996) . Modifications of enzyme-linked immunosorbent assays (ELISA) have been widely used in animal and human medicine to study the interaction between cells and bacteria (Ofek and Sharon, 1990) . Such systems are useful tools for examining bacterial attachment. This paper describes the application of a modified ELISA, which offers a simple and semi-quantitative method to examine the attachment of P. damselae subsp. piscicida to fish cell lines in vitro. Effect of monosaccharides on bacterial adherence Bacterial suspensions with an absorbance of 1.0 at 610 nm were prepared for two representative bacterial strains, I736
and Sp92144 in the bacterial suspension was 1 M. During the incubation period, bacteria and mono saccharides were mixed together on a shaker rotating at 100 rpm. Treated bacteria were washed twice with PBS to remove excess monosaccharides and then applied to fish cells and their adherence was determined by the ELISA.
Effect of pH on bacterial attachment
Bacterial suspensions of P. damselae subsp.
piscicida strain I736 were prepared and their absorbance adjusted to 1.0 at 610 nm. The pH of the suspensions was adjusted to pH 4, 5 or 6 with HCI and the bacteria were incubated at these pH values for 30 min with shaking. The pH of the suspensions was re-adjusted to pH 7.2 with NaOH. Untreated bacteria (i.e. maintained at pH 7.2) were used as a control. Treated bacteria were again applied to fish cells and their adherence was determined by ELISA.
Statistical analysis All data were analysed using either a one-way analysis of variance (ANOVA) or a student t-test as indi cated in the figure and tables.
Multiple comparisons among means were made using a Tukey pairwise com parison and were considered significant at p<0.05. were obtained between the different culture periods. The optimal growth of P. damselae subsp. piscicida (I736) was also determined for the ELISA. It was found that bacteria cultured for approximately 16 h exhibited the highest attachment to the cells. This observation corresponded with the growth curve obtained for P. damselae subsp. piscicida (I736), which also peaked after 16 h growing.
There was a slight increase in the ability of bacteria to attach to cells after exposing them to pH 4, although this was not significantly different to other pH values tested, nor non-treated bacteria.
Various P. damselae subsp. piscicida isolates origi nating from different geographical regions and different fish species were examined in the attachment ELISA (Table 1) . One isolate obtained from sea bream in Spain (Spp 97127-20) and one from sea bream isolated in Israel (SA300695) exhibited significantly lower levels of attachment to CHSE-214 cells compared with the other P. damselae subsp. piscicida isolates examined.
The influence of monosaccharides on the ability of bacterial strains I736 and SP92144 to adhere to CHSE-214 was examined to establish whether certain sugars inhibited or enhanced their attachment to the cells (Table  2 ). Of the monosaccharides tested, N-acetylneuraminic acid (sialic acid) clearly enhanced the attachment of both strains of bacteria to the fish cells. However, this sialic acid did not have any affect on the isolates (Spp97127 20 and SA300695) that exhibited low levels of attachment.
Attachment of isolate I736 was only affected by treatment with N-acetylneuraminic acid, which significantly enhanced its binding to the cells. Attachment of isolate Sp92144, on the other hand, was 
Discussion
A modified ELISA method was applied in the present study to examine the attachment of P. damselae subsp. piscicida to fish cell lines in vitro. It offers an effective method for studying the initial stages in the interaction between the bacterium and its host. Examination of bacterial attachment to fish cells in vitro by microscopy is very time consuming and labour intensive. The ELISA method, on the other hand, has the advantage of being rapid, simple to perform and it is possible to examine several samples simultaneously in the same test.
To establish that the assay was suitable for deter mining bacterial attachment to the cells, bacteria were initially counted microscopically and compared with the results of the ELISA. However, it was difficult to accu rately count more than 20 bacteria per field of view. Fig. 1 can therefore not be used as a calibration curve, but is showed that there is a direct relationship between the ELISA and the microscopy examination (for up to 20 bacteria per field of view). Thus, the assay provides a semi-quantitative alternative for determining levels of at tached bacteria.
It was important to use a confluent monolayer of cells for optimal activity in the ELISA, since gaps between cells gave rise to non-specific binding on the bottom of wells. Blocking non-specific binding sites with BSA helped to reduce background activity. Although the cells were fixed with glutaraldehyde, it was confirmed microscopically that the fixation did not affect the ability of the bacteria to adhere to them, as indicated by Ofek (1995) .
A variety of molecules and macromolecules, collec-tively known as adhesins, mediate the bacteria's adher ence to cell surfaces or cell molecules. P. damselae subsp. piscicida is the only nonflagellated member of the genus Photobacterium (Gauthier et al., 1995) . Examples of afimbrial adhesins include the opacity pro teins (Opas) from Neisseria and the repeat proteins of Gram-positive bacteria such as the M-protein of Staphy lococcus (Finlay and Cossart, 1997) .
On the other hand, it has been shown that a wide range of other sur face compounds, including proteins, glycolipids, and car bohydrates, can serve as receptors for bacterial adhesins.
For example, Neisseria meningitidis binds to cell surface-associated heparin sulfate proteoglycans and to a CD66 adhesion molecule on epithelial cells and neutrophils (Virji et al., 1991) . Thus, bacterial adhesins are capable of binding to a large variety of host cell sur face molecules.
Biochemical, serological and physical analysis of P. damselae subsp. piscicida isolates, regardless of their geographical origin or the species of fish from which they were derived, indicated that P. damselae subsp.
piscicida constitutes a homogeneous group of bacteria (Nomura and Aoki, 1985; Magarinos et al., 1992; Salati et al., 1994; Bakopoulos et al., 1995) . Fatty acid methyl ester profiles of P. damselae subsp. piscicida also show these bacteria to be very homogeneous (Romalde et al., 1995) . The P. damselae subsp. piscicida strains tested in this study showed differences in their ability to attach to the fish cells in vitro. One isolate from Spain and one from Israel showed a negligible adherence to CHSE-214 cells compared to the other P. damselae subsp. piscicida isolates. The pathogenicity of the two isolates should be compared with that of the other strains. Magarinos et al. (1996) examined the adherence of P. damselae subsp. piscicida isolates to CHSE-214 cells. They reported that the adherence of this bacte rium appeared to be affected by both heat and exposure to sugars, but not by treatment with proteinase K or anti sera raised against the lipopolysaccharides (LPS) of P. damselae subsp. piscicida, suggesting the possible involvement of glycoproteins as ligands. The results of Yoshida et al. (1997) , also using fish cell lines (CHSE -214 and EPC), confirmed these findings. The mono saccharides used in the present study to treat P. damselae subsp. piscicida did not inhibit the ability of bacteria I736 to attach to the fish cells, while Sp92144 showed a significant reduction in attachment upon treat ment with N-acetyl-D-galactosamine compared to untreated bacteria. On the other hand, L-fructose and N-acetylneuraminic acid enhanced the attachment of this isolate to the cells. The differences observed in the effects that the monosaccharides have on the ability of the two representative strains to attach to the fish cells may explain important biochemical differences between them. They may have different sugars on their sur faces, which are involved in their attachment to the fish cells. N-acetylneuraminic acid also greatly enhanced the attachment of the Italian (1736) and Japanese (SP92144) strain to CHSE-214 cells.
The surface of P. damselae subsp. piscicida has been found to be of low hydrophobicity (Sakai et al., 1993; Magarinos et al., 1996) . Binding of N-acetyl neuraminic acid to the surface of the bacteria, in turn, may change the hydrophobicity of the bacterium. A number of reports have shown sialic acid to be found at sites where bacteria are thought to enter the fish, such as on the surface of their gills (Arillo et al., 1975) , intes tines (Kulshresha and Jauhar, 1984) and skin (Mittal et al., 1994) . The adherence of P. damselae subsp. piscicida to the fish cells may therefore be mediated through carbohydrate moieties present on the surface of either the fish cell, the bacterium, or both. The Nacetylneuraminic acid possibly acts as a ligand, enhanc ing the interaction between the surface of the bacteria and the cells.
The exact route of infection for P. damselae subsp.
piscicida remains unknown. Kawahara et al. (1989) , using a fluorescent-labelled antibody, showed that infec tion with P. damselae subsp. piscicida could occur either through the gills or via the gastro-intestinal tract from contaminated food or other infected fish. Wakabayashi et al. (1977) demonstrated that high doses of P. damselae subsp. piscicida, delivered by gastric lavage, resulted in the appearance of P. damselae subsp. piscicida in the blood of the animal within 72 h. If the mode of infection of P. damselae subsp. piscicida is through the intestinal wall of the animal, the bacterium must first pass through the stomach, where it experiences pH changes in its environment, then it meets neutral or slightly alkaline conditions in the intestine (Steffens, 1989 ). This in turn may affect the ability of the bacterium to attach to cells. In the present study the bacterium was first treated with acid, then the attachment assay was per formed at pH 7.2 to represent the bacterium's route from the fish's stomach to its intestine. Exposing P. damselae subsp. piscicida to a range of different pH val ues, to examine the effect of pH on bacterial attachment, did not result in any significant difference in their ability to attach to cells in vitro, suggesting that this bacterium is not damaged by the acidic environment of the stom ach.
